Summary
Introduction
Obesity and diabetes have increased exponentially over the last several decades at a rate that would suggest contributing factors beyond individual-level characteristics (1, 2) . Some research has identified neighbourhood environmental factors as potential influences on the distribution of obesity-related cardiovascular risk across populations (3) and disparities in obesity and diabetes rates in different geographical regions (4, 5) . Researchers have examined several components of built environment, such as intersection density, greenspace, recreation land and local food environment, to explore relationships, patterns and trends in obesity (6, 7) and diabetes (6, 8) .
One major limitation of prior research regarding the association of the built environment with health-related conditions has been the lack of measures of adiposity beyond body mass index (BMI) (9) (10) (11) (12) (13) and waist circumference (10, 11, 14) . Obesity is a heterogeneous condition, in which individuals with similar BMI may have distinct metabolic and cardiovascular disease risk (15, 16) . In prior studies, variations in body fat distribution assessed by abdominal subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) provided a potential explanation for increased risk for prevalent and incident cardiometabolic risk factors, incident cardiovascular disease and cancer even after accounting for multiple confounders (15, 17, 18) , supporting the pathogenic properties of region-specific fat deposition. Accordingly, exploring the relationship between built environment features and abdominal adipose tissue may help decipher the multifactorial aetiology of obesity.
Therefore, the primary purpose of this study was to examine the associations between characteristics of built environment with adiposity and diabetes using the Framingham Heart Study, a community-based prospective study. The aims of the study were to explore the cross-sectional and longitudinal association between intersection density, greenspace, recreation land and food store elements in the built environment, with adiposity measures and diabetes. The hypothesis was that characteristics of built environment, including greater intersection density, greater greenspace and recreation land, and higher food store density would be associated with healthier levels of adiposity (BMI, waist circumference, SAT and VAT volume) and glycaemic measures (fasting plasma glucose) at baseline and during follow-up.
Methods

Study sample
Participants for this study were drawn from the Offspring and Generation Three cohorts of the Framingham Heart Study who resided in Massachusetts at the time of the clinic visits. Offspring participants were the children (or spouses of children) of the Original cohort, enrolled starting in 1971. The Generation Three cohort participants were the grandchildren of the Original cohort, with enrollment starting in 2002. For the purposes of this study, the baseline exposure data for the late 1990s/early 2001s were available; thus, baseline began with the seventh examination for the Offspring cohort and the first examination of the Generation Three cohort.
Among the participants who attended the baseline examination (Offspring seventh examination [1998] [1999] [2000] [2001] and Generation Three first examination [2002] [2003] [2004] [2005] ), information on built environment was available for 5,435 participants. Among these, a total of 4,010 attended the follow-up examinations (Offspring eighth examination [2005] [2006] [2007] [2008] and the Generation Three second examination [2008] [2009] [2010] [2011] ).
For the longitudinal component of the study, different study populations had the following outcome data available: (i) change in fasting plasma glucose and incident diabetes (n = 4,010); (ii) changes in BMI and waist circumference (n = 3,953); and (iii) changes in abdominal SAT and VAT volumes (n = 1,274).
The study protocol was approved by the institutional review boards of the Boston University Medical Center and Massachusetts General Hospital. All participants provided written informed consent.
Built environment characteristics
Utilizing the 2000 US Census TIGER/Line files (19), we obtained self-reported residential addresses during the clinical visit at the baseline examination for this study. The census tract and census block group of each residential address were identified. For the analysis, intersection density, greenspace and recreation land within the boundary of the census block group were identified (13) . Because of the low concentration of food stores in the neighbourhood, food stores within the boundary of the census tract were assessed (20) . Intersection density was defined as number of intersections in census block group per square kilometre. Greenspace was defined as percentage of greenspace in census block group. Recreation land was defined as percentage of recreation land in census block group. Food store elements were defined as number of food stores in census tract per square kilometre. More detailed information on built environment characteristics is included in the Supporting Information.
Assessment of adiposity and glycaemic measures
Adiposity and glycaemic measures were available from Framingham Heart Study at the baseline and follow-up examinations for the study. Adiposity measures included objectively measured or calculated BMI (weight in kilograms/height in square metre), obesity (BMI ≥ 30 kg m À2 ) and waist circumference (distance around the abdomen at the horizontal level of the umbilicus to the nearest 0.25 in. 
Covariates
All covariates were assessed at the baseline examination cycle. Current smoking was defined as smoking at least one cigarette per day in the year preceding the examination. As an indirect measure of socioeconomic status, educational attainment was collected based on the highest attained educational level according to the following categories: <high school, high school graduate, associate's degree, ≥college degree or other. Cohort status was dichotomized as Offspring or Generation Three cohort.
Statistical analysis
A majority of distributions of the built environment characteristics were skewed, and several extreme outliers were detected. As a result, quartiles for these measures were calculated. For the regression analyses, the reference value was assigned as quartile 1, which was the lowest value for built environment characteristics.
Linear regression was used to characterize the associations between characteristics of built environment and continuous outcome variables (BMI, waist circumference, SAT, VAT and fasting plasma glucose) and logistic regression for associations between characteristics of built environment and dichotomous outcome variables (obesity and diabetes), adjusting for age, gender, smoking status, education and cohort status. Except for BMI and obesity models, all models were adjusted for BMI. For the longitudinal study design, relevant baseline values were additionally adjusted in the models. For example, for the models of glucose change and incident diabetes model, baseline fasting plasma glucose was included in the model, and for the SAT change model, baseline SAT volume was included in the model. The tests for identifying gender interactions were constructed based on the model adjusted for age, gender, smoking status, education and cohort status.
The level of significance was considered as two-tailed, p < 0.05. This significance level was not further adjusted for multiple testing as the purpose of this investigation was principally hypothesis generating (i.e. to explore potential associations between built environment characteristics with adiposity and glycaemic measures). All the statistical analyses were performed using SAS software, version 9.3 (SAS Institute, Cary, NC, USA).
Results
Descriptive characteristics Table 1 Among the 4,010 participants without diabetes at baseline, 174 (4.3%) developed diabetes during followup. The characteristics of the 5,435 cross-sectional study participants (53.6% women) are shown in Table S1 .
Cross-sectional associations
Higher quartiles of greenspace were associated with lower BMI, waist circumference and fasting plasma glucose (all p for linear trend < 0.05) (Table S2) , which were in the expected direction. Higher quartiles of intersection density and food store density (total food stores, fast food restaurants and supermarkets) were linearly associated with higher BMI (all p for linear trend < 0.05); these associations were not in the expected direction.
The highest quartile of greenspace was associated with decreased odds of prevalent obesity and diabetes compared with the lowest quartile (p for linear trend < 0.05) ( Table S3 ). The highest quartile of recreation land, as compared with the lowest quartile, was associated with decreased odds of obesity (odds ratio [OR] 0.80, 95% confidence interval [CI] 0.68, 0.95). As compared with the lowest quartile, the highest quartile of intersection density, total food stores and fast food restaurants was associated with increased odds of Obesity Science & Practice Built Environment, Adiposity & Glycaemia J. J. Lee et al. 335 prevalent obesity (OR 1.24, 95% CI 1.04, 1.47, for intersection density; OR 1.27, 95% CI 1.07, 1.51, for total food stores; and OR 1.36, 95% CI 1.14, 1.61, for fast food restaurants).
Longitudinal associations
All of the characteristics of built environment, except recreation land, were consistently associated with changes in abdominal VAT during the follow-up (all p for linear trend < 0.05) ( Table 2 ). Higher food store density (overall and separately for each specific food establishment type) was associated with smaller changes in abdominal VAT during follow-up (all p for linear trend < 0.05). From the lowest to highest quartiles of supermarket density, the mean changes (standard error) in VAT volume were 763 cm 3 respectively (p for linear trend = 0.002). Trends were similar for all other food store establishments. In addition, higher intersection density, fast food restaurant density and supermarket density were associated with smaller fasting plasma glucose change (p for linear trend < 0.05). None of the other adiposity measures were longitudinally associated with built environment characteristics. Multivariable-adjusted logistic regression models for characteristics of built environment and incident diabetes are shown in Table 3 . Consistently, built environment characteristics were not linearly associated with incident diabetes (all p for linear trend > 0.05).
Gender interaction
For the cross-sectional study design, a majority of the gender interactions were statistically non-significant, except intersection density with BMI (p = 0.03) and waist circumference (p = 0.01); recreation land with VAT (p = 0.01); total food stores with BMI (p = 0.003) and waist circumference (p = 0.001); full service restaurants with BMI (p = 0.02) and waist circumference (p = 0.01); fast food restaurants with BMI (p = 0.02) and waist circumference (p = 0.01); and supermarkets with BMI (p = 0.04) and waist circumference (p = 0.04). These associations tended to be stronger in women than in men.
For the longitudinal study design, none of the gender interactions were significant, with the exception of intersection density with BMI change (p = 0.02), and convenience stores with waist circumference change (p = 0.03). In the gender-stratified models, the associations between intersection density with BMI change and convenience stores with waist circumference change were not significant in both women and men (p > 0.05).
Discussion
In this examination of Framingham Heart Study participants, characteristics of built environment were cross-sectionally and longitudinally associated with adiposity and glycaemic measures. The directionality of the associations was not consistent for the crosssectional and longitudinal findings. Cross-sectionally, higher intersection density and food store density, and lower greenspace were associated with higher adiposity and glycaemic measures. Longitudinally, higher intersection density and food store density, and lower greenspace were associated with smaller changes in abdominal VAT during the follow-up. Higher intersection density and density of fast food restaurants and supermarkets were longitudinally associated with smaller changes in fasting plasma glucose. Most notably in this study, characteristics of built environment were consistently associated with changes in abdominal VAT, but not with SAT, during 6.4 years of follow-up period. Taken together, the association between built environment characteristics with adiposity and glycaemic traits observed in this study demonstrates potential evidence that the built environment could influence cardiometabolic health but not always in the expected direction. The vast majority of research exploring the associations between built environment with obesity and diabetes has been conducted using cross-sectional studies (14, (22) (23) (24) . Recently, there has been a growing body of literature exploring the longitudinal associations between built environment characteristics with obesity (9) (10) (11) (12) 25) and diabetes (8, 26) . Existing obesity studies primarily used the traditional anthropometric measurements, such as BMI (9, (11) (12) (13) or waist circumference (10, 11) . These longitudinal studies highlighted the associations between characteristics of built environment, such as intersection density (10), fast food restaurants (9,10) and grocery stores (9) with changes in BMI and/or waist circumference. Nevertheless, conflicting findings were also reported with some of the characteristics of built environment (9, 12) . With the traditional anthropometric fat measurements, the only longitudinal association identified in this study was between high supermarket density with smaller changes in BMI and waist circumference.
In this study, a diverging relationship between crosssectional and longitudinal findings was observed. Higher intersection density and food store density and less greenspace were associated with higher adiposity in the cross-sectional study but lower adiposity change in the longitudinal study (less increase in VAT over time). The differences in the direction of the associations between the cross-sectional and longitudinal findings may be due to the limitation in cross-sectional study design. More specifically, a cross-sectional study design only provides a snapshot of the association, limiting the ability to explore the influence of the long-term cumulative exposure of built environment characteristics on important health outcomes over time. As compared with longitudinal study settings, associations identified in the cross-sectional study may be more prone to reflect the residential self-selection bias, in which individuals with higher socioeconomic status tend to live in healthier and safer neighbourhoods (27, 28) . Furthermore, it is difficult to rule out the potential influence of neighbourhood-level socioeconomic status (29, 30) , psychosocial stress related to environment (31) and neighbourhood crime and safety (32) from the data that were collected at a single time point. Collectively, these contrasting results may suggest that in the context of built environment characteristics, the longitudinal study setting is more robust to explore the associations with health-related outcomes, such as obesity and diabetes.
To our knowledge, the present study is the first to explore the relationship between built environment characteristics with MDCT-assessed SAT and VAT Data are shown as odds ratios and 95% confidence intervals. For example, the highest quartile of intersection density is associated with 1.13-fold (95% confidence interval 0.68-1.88) increased odds of incident diabetes. Multivariable-adjusted model was adjusted for baseline age, gender, smoking status at baseline, education at baseline, cohort status, baseline fasting plasma glucose and baseline body mass index. Quartile 4 corresponds to greater intersection density, larger greenspace and recreation land, and higher food store density, as compared with quartile 1. CI, confidence interval; OR, odds ratio. *Intersection density was defined as number of intersections in census block group per square kilometre. Greenspace was defined as percentage of greenspace in census block group. Recreation land was defined as percentage of recreation land in census block group. Food store elements were defined as number of food stores in census tract per square kilometre. Characteristics of built environment were assessed based on 2000 US Census data.
volume, cross-sectionally and longitudinally. An intriguing association between built environment characteristics and changes in fat was observed, specifically in VAT change, but not with SAT change. These associations remained significant upon adjustment for BMI, suggesting that the features of built environment are associated with this pathogenically active fat depot above and beyond the contribution of systemic effect of adiposity. Abdominal VAT is an active endocrine fat depot that is closely associated with cardiovascular disease risk factors (15) and events (17) . As compared with SAT, which is classified as non-ectopic fat depot, VAT is considered more problematic because of the unique pathogenic property of secreting active substances, such as pro-inflammatory adipokines (33) , and haemostatic and fibrinolytic markers (34) that are closely related to manifestation of cardiometabolic disease. In addition, the non-significant cross-sectional association but significant longitudinal associations with VAT suggests that built environment characteristics may have a long-term cumulative effect on this unique pathogenic fat depot. Consistent with our a priori hypothesis, higher intersection density was associated with smaller changes in adiposity and glycaemic measures during the followup, perhaps suggesting that physical activity mediates the relationship between intersection density of the neighbourhood and levels of adiposity and glycaemic measures (35) . In contrast, more greenspace, an environmental factor that may associate with physical activity opportunity, stress reduction, social interaction and cohesion (36) , had a larger increase in VAT volume during the follow-up. One explanation may be that greater greenspace reflects less urbanized areas with fewer facilities available at walking distance (37) . Accordingly, individuals living in rural areas are more likely to have higher vehicle use rather than walking or cycling (35) .
Furthermore, inconsistent cross-sectional and longitudinal results for food store density were found. Regardless of the classification of the food stores, higher food store density was associated with a smaller increase in the changes in VAT and/or fasting plasma glucose, i.e. less increase in adiposity over time. It is plausible that the higher food store density reflects more walkable neighbourhoods, thus demonstrating that these food stores are a proxy for intersection density. A lower density of food establishments in the neighbourhood may be an indicator of geographically disadvantaged food desert communities with limited access to healthy and affordable food or could simply be a proxy for poverty. The US Department of Agriculture's Economic Research Service noted that food desert tracts were associated with measures of low socioeconomic status, including lower rates of educational attainment and employment, as well as lower incomes (38) . Accordingly, participants in neighbourhoods with greater accessibility and availability to the food sources could be demonstrating a link between higher income (not measured in this study) and less adiposity over time.
Previous studies showed non-significant associations between features of built environment with incident diabetes (8, 26) . Of note, a recent study from the MultiEthnic Study of Atherosclerosis with 5,124 participants explored the longitudinal association between actual food and physical activity resources in the neighbourhood and self-reported perceptions of these resources with incident diabetes during an 8.9-year follow-up period (8) . Associations were significant for perceptions of the built environment but not with the measured geospatial data. Specifically, supermarkets and produce markets (hazard ratio [HR] 1.01, 95% CI 0.96, 1.07) and commercial recreation establishments (HR 0.98, HR 0.94, 1.03) were not associated with incident diabetes after adjusting for confounders and neighbourhood socioeconomic status (8) , which were similar to the results found in this current study. Similar findings were noted between intersection density (residential density, street connectivity and land use mix) and incident diabetes in a large study with 512,061 Swedish adults (26) . In this study, measures of built environment (intersection density, fast food restaurants and supermarkets) were associated with changes in fasting plasma glucose during follow-up, but not with incident diabetes. This discrepancy regarding the findings of dichotomous and continuous glycaemic measures may be due to the relatively small cases of incident diabetes and the use of quartile-based analysis, which may have substantially reduced the power to detect the associations. In addition, given that the mean age of the participants in this study was middle-aged adults, the 6.4-year follow-up period may not be sufficient to detect longitudinal associations with incident diabetes.
The strength of the present study is the use of a large and well-characterized community-based sample with reliable measures of MDCT-assessed abdominal fat at baseline and follow-up. The repeated measures of obesity and diabetes allowed us to examine the longitudinal associations between the features of built environment with adiposity and glycaemic measures during 6.4 years of follow-up. The study also had several limitations. Generalizability of the study findings to other ethnic groups may be limited as the current study sample was composed entirely of white participants, and this study only included participants living in Massachusetts. Causal inferences cannot be made based on the findings of the current study because of the nature of observational study design. Education was used as a proxy of individual-level socioeconomic status. The boundaries of census tracts Obesity Science & Practice Built Environment, Adiposity & Glycaemia J. J. Lee et al. 339 and census block groups were used to assess the built environment characteristics. However, the administrative boundaries may differ from the actual neighbourhood boundaries and be vulnerable to a modifiable area unit problem (39) . Because of the lack of individual-level census tract and census block group information, the statistical models could not be adjusted for random effects related to census tract and census block group. Inconsistent cross-sectional and longitudinal results were observed in this study. The lack of concordance between these two experimental designs may be partially due to the shortcomings of the experimental design or lack of accurate assessment of the variables, in particular the characteristics of built environment owing to the complexity of the data. This study examined the longitudinal association between baseline built environment characteristics and changes in adiposity and glycaemic measures. In order to speculate the reverse causality (i.e. healthier people move to healthier neighbourhoods) based on the observational data, statistical models that include baseline adiposity and glycaemic measures as exposures and changes in built environment characteristics during an extended followup period as outcome variables are required. Because our study lacked data on changes in built environment characteristics and also the follow-up period was only 6.4 years, potential investigation of reverse causality was not possible. Further studies that incorporate changes in the built environment during an extended follow-up period are warranted to assess whether neighbourhood change is associated with incidence of obesity and diabetes, as well as to assess the reverse causality.
Conclusions
Characteristics of built environment, including intersection density, greenspace and food store elements, are cross-sectionally and longitudinally associated with measures of adiposity and diabetes at baseline and changes during follow-up. These findings add a novel framework to the spectrum of the relationships between built environment characteristics and obesity by demonstrating a unique association with an ectopic fat depot assessed by MDCT. The findings from this study provide an additional foundation to the potential mechanism by which built environment impacts cardiometabolic health.
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